We conducted an extensive survey of hydrogen-isotopic compositions (D/H ratios) of diverse sedimentary lipids from the Santa Barbara Basin (SBB), offshore southern California. The main goal of this survey was to assess the diversity of D/H ratios in lipids from marine sediments, in order to provide a more detailed understanding of relevant biological and geochemical factors impacting lipid isotopic variability. A total of 1182 individual dD values are reported from two stations in SBB, one located in the suboxic basin depocenter and the other on the fully oxic flank of the basin. Sediments collected from the basin depocenter span a depth of $2.5 m and reach the methanogenic zone. Lipids that were analyzed include n-alkanes, n-alkanols and alkenols, short-and long-chain fatty acids, linear isoprenoids, steroids, and hopanoids, and exhibit several systematic patterns. First, there are no significant differences in dD values between the two sampling locations, nor with increasing depth for most lipids, indicating that degradation does not influence sedimentary lipid dD values. Second, relatively large differences in dD values among differing molecular structures are observed in all samples. n-Alkyl lipids of probable marine origin have typical dD values between À150 and À200&, those from terrestrial leaf waxes and aquatic plants range from À80 to À170&, while petroleum n-alkanes are typically À90 to À150&. Third, lipids inferred to derive from bacteria (branched fatty acids and hopanols) living at the sediment surface or in the water column tend to be D-enriched relative to similar algal products by 30& or more. At the same time, several other lipids have dD values that decrease strongly with depth, presumably as a result of in situ production by anaerobic bacteria. This dichotomy in isotopic compositions of bacterial lipids is inconsistent with a nearly constant D/H fractionation during lipid biosynthesis, and likely reflects significant variations associated with metabolism.
INTRODUCTION
Advances in analytical methodology over the past decade have lead to renewed interest in organic D/H records as proxies for paleo environmental conditions. A current goal is to understand the biogeochemical processes that determine hydrogen-isotopic compositions in nature, and thus connect the organic geochemical record with environmental conditions. Early results showing a strong correlation between D/H ratios of meteoric water and terrestrial plant leaf waxes (Huang et al., 2002; Sachse et al., 2001 Sachse et al., , 2004 were encouraging, and have understandably lead to a strong focus on lacustrine records of terrestrial climate. However, this enthusiasm for paleoclimate has overshadowed interest in the variability of lipid D/H ratios in marine environments, where water has an approximately constant D/H ratio. Consequently, we know little about the utility of hydrogen isotope measurements in lipids from marine systems. This report is the second of three (Jones et al., 2008) that explore in detail the distribution of lipid D/H ratios in a natural marine system. Only a handful of studies have investigated the D/H ratios of lipids derived from marine biota. Sessions et al. (1999) reported dD values for lipids extracted from several species of marine phytoplankton and algae, and showed large, systematic differences between n-alkyl and isoprenoid lipids. Considerable variability among different species was also evident. Chikaraishi and colleagues have previously reported dD values for sterols from estuarine and coastal marine sediments Chikaraishi, 2006) , showing that D/H ratios can potentially be used to distinguish marine from terrestrial sources. Englebrecht and Sachs (2005) used subtle variations in the isotopic composition of seawater to trace the provenance of alkenones at the Bermuda Rise. Schouten et al. (2006) investigated the effects of temperature, salinity, and growth rate on D/H fractionation in alkenones produced in culture, and van der Meer et al. (2007 Meer et al. ( , 2008 used the dD values of alkenones recovered from Mediterranean and Black Sea sediments as proxies for paleosalinity. Jones et al. (2008) studied fatty acids in particulate organic matter (POM) from several coastal California basins, including Santa Barbara Basin (SBB), and reported significant variability in D/H ratios among different fatty acids despite their probable origins from marine algae.
These studies notwithstanding, many first-order questions still remain regarding the natural variability of D/H ratios in marine sedimentary lipids. For example, do different biochemical pathways of carbon fixation and/or lipid biosynthesis produce diagnostic differences in dD values, as is the case for 13 C? Can the products of autotrophic and heterotrophic metabolism be distinguished, and are there measurable fractionations that accompany the processing of organic materials through successive trophic levels? Do the products of aerobic and anaerobic metabolism vary in isotopic composition? Are bacterial products distinct from those of eukaryotes? Do diagenetic transformations alter the D/H ratios of lipids preserved in marine sediments?
In addition to their intrinsic interest, studies of D/H ratios in marine systems provide an advantage over analogous studies on land with regard to understanding basic biochemical controls on lipid D/H ratios. In all environments, ambient water provides the starting point from which hydrogen is fixed into organic matter and consequently fractionated by biology (Estep and Hoering, 1980) . In terrestrial settings, the isotopic composition of this water can change dramatically on both spatial and temporal scales. For example, precipitation, soil water, groundwater, and plant tissue water commonly all have differing dD values (e.g. Grieu et al., 2001; Krull et al., 2006) , and these can change on timescales from hours to months to decades. When studying lipids from terrestrial organisms, it is thus difficult to disentangle the competing effects of environment, climate, and biology on observed distributions of dD values (Roden et al., 2000; Smith and Freeman, 2006; Hou et al., 2007) . In contrast, the oceans have a nearly constant dD value that varies little in time and space (Schmidt et al., 1999) . Variability in lipid dD values can thus be interpreted more clearly in the context of relevant biogeochemical processes, and should serve to inform our thinking about relevant controls in all environments.
To begin to address such issues, we conducted an extensive survey of D/H ratios in lipids extracted from POM and sediment cores collected at two locations in the SBB offshore of southern California. Analytes include short-and long-chain n-alkanes, n-alcohols, and n-acids, as well as linear and polycyclic isoprenoids, and include the products of terrestrial plants, marine phytoplankton, and bacteria. Down-core variations are reported spanning surface sediments into the underlying methanogenic zone at $2.5 m depth. Comparison of cores collected in the basin depocenter and on the flank provides insight into the importance of bottom-water anoxia and diagenesis. In total, concentrations and dD values for 1182 analytes were determined. This large dataset provides the first clear demonstration that considerable isotopic variability among differing marine products does exist, and that it may have value in distinguishing biogeochemical origins of sedimentary lipids. Data from fatty acids in POM were previously reported and discussed by Jones et al. (2008) . The current report focuses on sedimentary lipids of likely marine origin, and their characteristic dD values. A future manuscript will consider the suitability of SBB sedimentary lipids as an archive for paleoclimate and/or paleoceanographic processes.
METHODS

Sample collection
The sediments described here were collected during a research cruise of the R/V New Horizon in June 2004 to the Santa Barbara Basin off southern California (Fig. 1) . Station SBB1 (34.2245°N, 120.03433°W) is in the basin depocenter at a water depth of 590 m. It is identical to station SBB1 reported by Jones et al. (2008) , is located within the oxygen-minimum zone, and exhibits varved sediments. For comparison, station SBB2 (34.0793°N, 119.4508°W) is located on the southeastern flank of the basin at a water depth of 179 m, does not experience seasonal anoxia, and sediments are not varved.
Multicores were collected from both stations preserving the sample/water interface. They are designated here as cores SBB1-MC3 and SBB2-MC2. Mats of Beggiatoa-like organisms were visible on the surface of core SBB1-MC3 but not SBB2-MC2. The sediments at station SBB1 are fine-grained and quite fluid, and >80 cm of core was recovered in MC3. Station SBB2 has a greater sand content, and only 18 cm of core was recovered from this locale. Both cores were processed shipboard in identical fashion. Multicores were first subcored using 5-cm ID polycarbonate tubes pushed by hand into the multicore barrel. Suction was applied to the top of the subcore to minimize sediment compaction. Subcores were next extruded and sampled. Samples were immediately transferred to sediment squeezing apparatus (see below), though strict anoxic conditions were not maintained during extrusion and sampling. Three subcores from SBB1-MC3, all preserving the sedimentwater interface, were processed for analytical purposes.
The first (MC3a) was sectioned in 5 cm intervals, with porewaters analyzed for sulfate, sulfide, and dissolved inorganic carbon (DIC), and the squeezed sediment cakes utilized for lipid extractions. Subcore MC3b was sectioned at 4 cm intervals and used (without squeezing) for measurements of CH 4 concentration and d 13 C value. Subcore MC3c was sectioned in 3 cm intervals and used (without squeezing) for measurements of total organic carbon (TOC), hydrogen (TOH), and nitrogen (TON). At station SBB2 a single subcore (designated SBB2-MC2) was sectioned at 2 cm intervals and processed for porewater sulfate and sulfide, and lipid extractions.
Two 2-m long gravity cores were also collected at Station SBB1 (designated SBB1-GC2 and -GC3) to provide deeper samples. Both cores were sectioned in 10 cm intervals. Sediment was extruded from the polycarbonate core liner, sectioned, and transferred immediately to sediment squeezing apparatus. Alignment of the deeper gravity cores, which did not preserve the sediment-water interface, with the shallower MC3 cores was accomplished by comparison of sediment and porewater chemistry profiles. Core GC2 was analyzed for porosity, CH 4 , porewater sulfate, sulfide, and DIC, and for lipid extractions. Core GC3 was used for analyses of TOC, TOH, and TON.
Porewaters were obtained using modified Reeburgh squeezers (Reeburgh, 1967) that were slowly pressurized with N 2 up to $20 psi, and were collected via Teflon tubing into precombusted glass vials. Vials remained capped during porewater collection with the tubing threaded through holes in the caps, but no other measures were taken to maintain anoxic conditions. Sediment squeezing was conducted at ambient temperature over the course of $30 min. Up to 16 squeezers were operated in parallel, allowing nearly all samples to be processed within 1 h of the cores' arrival onboard. Squeezed sediment cakes were transferred to precombusted glass jars and were immediately frozen at À20°C. Sediment squeezing apparatus was cleaned with soapy water, then rinsed with Milli-Q deionized water, prior to each sample.
Sediment and porewater analyses
Analyses of porewater sulfate, sulfide, and methane were performed shipboard within hours of sediment collection. Analyses of sediment TOC, TON, and porewater DIC, along with bulk organic d 13 C and d 15 N values, were all performed at U.C. Santa Barbara following the cruise. Porewater dissolved sulfate concentrations were measured by addition of excess BaCl 2 to samples of known volume (after Gieskes et al., 1991) with concentration determined spectrophotometrically at 400 nm. Porewater concentrations of dissolved sulfides were measured by addition of a copper sulfate reagent to samples of known volume (Cord-Ruwisch, 1985) , with absorption measured at 480 nm. Standards were prepared under anoxic conditions, and the standard error for replicate analyses was below 5%. Porewater methane concentrations were measured with a Shimadzu GC-14A gas chromatograph/flame ionization detector equipped with an n-octane on Res Sil C (4 m Â 6 mm) packed column under conditions identical to those described in Kinnaman et al. (2007) .
Sediment TOC and TON concentrations were measured using an automated elemental analyzer (EA; Exeter Analytical CE-440). TOC d 13 C and d 15 N values were measured via continuous flow isotope ratio mass spectrometry on a Costech 4010 EA coupled to a Delta + Advantage (ThermoScientific) isotope-ratio mass spectrometer (IRMS). Samples for these analyses were dried and pre-treated with an excess of 10% HCl to eliminate inorganic carbon. Precision for replicate analyses of concentration, d
13 C, and d 15 N was better than 0.3%, 0.2&, and 0.4&, respectively. Porewater DIC concentrations were estimated by measuring alkalinity via potentiometric titration of a known volume of sample with 0.1 M HCl, using a modified Gran plot (Gran, 1952) and subtracting HS -concentrations. Values of d 13 C for porewater DIC were measured on a Gas Bench II -Delta + XP system (ThermoScientific) by the automated addition of 1.0 mL of porewater to exetainer vials containing 85% H 3 PO 4 . Precision for this measurement was ±0.2&. 
Lipid extraction and separation
All lipid analyses were performed at Caltech. Samples were lyophilized, then extracted in a microwaveaccelerated reaction system (MARS Xpress, CEM Corp.) using 25 mL of 9:1 dichloromethane/methanol (DCM/MeOH) at 100°C for 15 min with continuous stirring. The collected extract was filtered, and solvent was evaporated to $1 mL under N 2 . We refer to this fraction as 'free' lipids. Next, the previously extracted sediment was air-dried, then saponified with 0.5 M NaOH (10 mL) in H 2 O at 70°C for 4 h. Samples were acidified to pH <2 with HCl, then extracted three times by shaking with methyl t-butyl ether (MTBE). The collected extract was dried over Na 2 SO 4 . We refer to this fraction as 'bound' lipids. Both free and bound lipid extracts were processed identically from this point forward.
Elemental sulfur was removed by filtering extracts through activated copper ($3.5 g, À40 + 100 mesh). Separation of compound classes was achieved by solid-phase extraction (SPE) using 1.0 g of Discovery DSC-NH2 stationary phase (Supelco) hand-packed into 8 mL glass syringe barrels. Each sample was eluted in four fractions: F1 (hydrocarbons), 5 mL hexane; F2 (ketones and esters), 8 mL 4:1 hexane/ DCM; F3 (alcohols), 10 mL 9:1 DCM/acetone; F4 (carboxylic acids), 11 mL 20:1 DCM/1% formic acid. Samples were transferred to GC vials in hexane and reduced to $100 lL volume.
Fractions F1 and F2 were analyzed for lipid identity and abundance at this point (see below). To minimize sample handling before quantitation, a 10% aliquot of each F3 and F4 fraction was derivatized as the TMSethers using bis-(trimethylsilyl)-triflouroacetamide (BSTFA) and used for identification and quantitation of lipids. For isotopic analyses, the remaining F3 fractions were derivatized as acetate esters by reaction with acetic anhydride/pyridine (70°C, 20 min) and the remaining F4 fractions were derivatized as methyl esters by reaction with BF 3 /MeOH (70°C, 10 min).
Hydrocarbon fractions were further separated by urea adduction into n-alkane (adduct) and branched + cyclic alkane (non-adduct) fractions (Murphy, 1969) . The non-adducted fraction was then separated by column chromatography using 0.5 g of AgNO 3 -impregnated (10%) silica gel into saturated (eluted with 7 mL hexane) and unsaturated (10 mL DCM) fractions (Bennett and Larter, 2000) . Acetyl esters of alcohols were also separated using 0.5 g AgNO 3 -impregnated silica gel into saturated components (eluted with 9 mL 1:1 DCM/hexane), unsaturated components with one or two double bonds (7 mL DCM), and unsaturated components with two or more double bonds (10 mL 9:1 DCM/MeOH).
Lipid GC/MS analyses
Lipid identity and abundance were determined on a ThermoScientific Trace GC equipped with a DB-5ms column (30 m Â 0.25 mm Â 0.25 lm) and a PTV injector operated in splitless mode. The GC effluent was split ($3:1) between a ThermoScientific DSQ mass spectrometer and a flame ionization detector (FID). Compounds were identified by comparison of mass spectra and retention time to library data and/or authentic standards. Tentative identifications for which authentic standards were not available are indicated in the text and tables. Lipid abundances were calculated by reference to an internal standard (10 or 20 ng of isobutyl palmitate added immediately prior to analysis) using FID peak areas without correction for FID response factor. For some coeluting compounds during GC analysis of the quantitation aliquot, their abundance was measured in the more highly purified fractions intended for D/H analysis. In those cases, abundance was estimated by comparison to an adjacent peak whose abundance had been accurately measured by GC/FID.
Lipid D/H analyses
D/H ratios of individual lipids were measured using a ThermoScientific Trace GC coupled to a Delta + XP IRMS with a pyrolysis interface operated at 1440°C. Separations were performed using the same conditions (injector, column, and temperature program) as for the GC/MS, and peak identities were based on relative retention time and height. Typically 2-4 n-alkanes or fatty acid methyl esters (FAMEs) of known D/H ratios were co-injected with each sample. One or two of these were used as reference peaks for the calibration of isotopic ratios, while the others were treated as unknowns to assess accuracy. Data were then normalized to the SMOW/SLAP isotopic scale by comparison to an external standard that contains 15 n-alkanes with dD values ranging from À43 to À256& . Each sample was measured 2-4 times, depending on the amount of sample available, and reported dD values are the average of replicate measurements. The isotopic composition of H added by derivatizing reagents was estimated by analyzing dimethyl phthalate and acetic anhydride as described by Sessions (2006) . Correction for H added by methylation and acetylation reagents was then made by mass balance. All isotopic data are reported in the typical dD notation, in units of permil (&) relative to the VSMOW standard.
The mean precision for replicate analyses of the external n-alkane standard compounds was 3.7& (1r), and the rootmean-squared (RMS) error for all external standards was 3.4& (n = 570). For the internal standards (i.e., compounds coinjected with samples that were not treated as isotopic reference peaks) precision averaged 7.5& (1r), while the absolute error in dD values for these compounds varied from 0.1 to 25.2&. The RMS error for all internal standards was 11.0&. Results for these internal standards are not systematically biased with respect to 'true' dD values (mean error for internal standards, considering both positive and negative deviations, was À1.3&), so we attribute this relatively poor accuracy to the coelution of minor sample components with the internal standards. Given the complexity of many of the chromatograms analyzed, that situation is practically unavoidable.
BIOGEOCHEMICAL SETTING OF THE SANTA BARBARA BASIN
Santa Barbara Basin (SBB) is the northernmost of 10 submarine basins located offshore of southern California. Circulation in the bottom $100 m of the basin is severely restricted by the presence of a sill at 480 m depth along its western margin (Fig. 1) . As a result, O 2 concentrations in bottom waters of the SBB are typically <0.05 mL/L (Sholkovitz and Gieskes, 1971) . Benthic macrofauna are not present under these suboxic conditions, and laminated sediments are preserved. During the spring of most years, seasonal upwelling drives dense, oxygenated water over the western sill and into the SBB, partially displacing suboxic bottom waters. These events can transiently raise bottom-water O 2 concentrations to 0.25 mL/L or higher, but suboxic conditions return quickly over a period of a few months (Reimers et al., 1996; Sholkovitz and Gieskes, 1971) . Sites along the flanks of the SBB at depths above 480 m, including station SBB2 in this study, are perennially oxic. Bottom waters at SBB1 contained 0.04-0.09 mL/L O 2 at the time of sampling (June 22, 2004) while SBB2 bottom waters contained 1.6-1.8 mL/L (June 24, 2008) as measured by Winkler titration.
Roughly three-quarters of the sediment delivered to the SBB is terrigenous in origin (Thunell et al., 1995) . This sediment enters the basin almost entirely during winter storm events (Warrick and Milliman, 2003) . It is then redistributed by a variety of physical processes so that the flux of terrigenous sediments to the deepest part of the basin is nearly uniform throughout the year (Thunell et al., 1995) . The remainder of SBB sediment is mainly biogenic opal produced by the diatoms that dominate surface primary production. This component shows a strong seasonal cycle, typically maximizing during May-June blooms (Thunell et al., 1995) . Sedimentation rates in the center of the SBB average 4.2 ± 0.4 mm/yr (Reimers et al., 1996) . Sedimentation sources and rates in the vicinity of SBB2 have not been studied in detail, but are presumed to reflect a similar mixture of terrigenous and marine sources.
High primary productivity, rapid sedimentation, and low bottom-water O 2 concentrations combine to produce relatively high sedimentary TOC in the Santa Barbara Basin. TOC in surface sediments at SBB1 averaged 2.5%, declining to 2.1% at a depth of 260 cm. No studies providing quantitative apportionment of terrestrial versus marine sources of organic matter for the SBB have been reported. However, an examination of organic matter in the nearby Santa Monica Basin (SMB) using both 13 C and 14 C found that most lipid biomarkers, and presumably the bulk of sedimentary organic matter, are produced mainly by marine primary production in surface waters (Pearson et al., 2001) . Given the similarity of biogeochemical conditions in the Santa Monica and Santa Barbara Basins, we assume that similar patterns prevail in SBB.
RESULTS
Sediment and porewater chemistry
Complete porewater and sediment geochemical data are provided in electronic annex EA-1. Sulfate concentrations in SBB1 drop rapidly from ambient seawater levels at the sediment surface to near zero at a depth of $160 cm (Fig. 2) . Methane concentrations begin to rise at $150 cm, establishing a sharp sulfate-methane transition zone. Sulfide concentrations are $1 mM near the surface, rise gradually to a maximum of $10 mM at 160 cm, and then decrease to $3 mM at the bottom of the core. These data are consistent with previous measurements showing that rates of sulfate reduction are highest in the top 15 cm of sediments collected near SBB1 (Reimers et al., 1996) . The profiles are also consistent with typical marine biogeochemical zonation, including a zone of rapid sulfate reduction ($0-20 cm), a zone where sulfate reduction proceeds more slowly ($20-120 cm), a zone where sulfate reduction is coupled to methane oxidation and possibly to oxidation of deeply-sourced DOC ($140 to 160 cm; Berelson et al., 2005; Valentine et al., 2005) , and an underlying methanogenic zone ($>160 cm). The bulk carbon-isotopic composition of TOC at SBB1 varies between À20.7 and À22.0&.
Sharp increases in d
13 C, for example at 20 cm depth ( Fig. 2) , are perhaps associated with flood deposits carrying a higher proportion of terrestrial organic material into the basin center. A sharp drop in TOC and porosity at 44 cm likely reflects a turbidite deposit.
Sediments from cores collected at SBB2 are significantly more coarse-grained than those at SBB1, and appear to be bioturbated throughout the 18 cm of recovered core. TOC contents of 4 depth intervals from SBB2 averaged 0.85% (see EA-1). Porewater sulfate averaged 24 mM, and sulfide averaged 0.5 mM, with no consistent down-core trends in either. The d 13 C value of TOC was À21.5&, virtually identical to that observed at SBB1. Taken together, these data support our assumption that SBB2 receives similar inputs of organic matter to SBB1, but that subsurface remineralization of that organic matter is coupled primarily to aerobic biological processes.
Lipid concentrations
Short-chain fatty acids (6C 22 ) have high concentrations (156 lg/g) in surface sediments from SBB1, drop dramatically in concentration over the top 20 cm, and then decrease more slowly with depth ( Fig. 3) . In contrast, n-alkanes exhibited only a slight decrease ($2-fold) with depth, while n-alkanols and long-chain n -acids exhibited a slight increase with depth. Concentrations of most compounds are up to 20-fold higher in SBB1 than in SBB2, corresponding to a $6-fold increase in TOC-normalized concentrations, consistent with the greater preservation of organic matter in the anoxic basin depocenter. Concentrations of individual compounds varied much more than these averages, but in general followed the same trends (see EA-1).
Lipid abundance data, particularly those for short-chain fatty acids, appear to indicate increased variability from roughly 20-60 cm depth (Fig. 3 ). This zone of variability is also reflected in sediment TOC and TON (Fig. 2) , as well as in the D/H ratios of many compounds (see below). TOCnormalized concentrations (data not shown) still exhibit this same pattern of variability, so it is not due solely to variable dilution by sediment. It is unclear whether this variability is absent below $65 cm depth, or is merely masked by the lower sampling resolution for core SBB1-GC2. Given average rates of sedimentation, the zone of high variability corresponds to the past $200 years, roughly the same timeframe as intensive human activity on the adjacent coast. In general, increased concentrations of short-chain fatty acids correlate with increases in n-alkanes, and with decreases in long-chain fatty acids and TOC contents, possibly reflecting variability in the relative contributions of marine versus terrestrial sources.
Lipid D/H isotopic compositions
Hydrogen-isotopic compositions of individual n-alkyl lipids varied widely (see EA-1), from a maximum dD value of À32& (a methyl-branched C 14 fatty acid) to a minimum of À348& (a 16:1 fatty acid). Isoprenoid lipid dD values varied from À166& (a C 29 hopene) to À481& (a C 20 isoprenoid triol). Considerable variability was present both between and within various compound classes, and is summarized in Table 1 . Several other general patterns also emerge from Table 1 . Most prominent is the virtually identical dD values of equivalent compounds between the two stations (SBB1 and SBB2). With only two exceptions (C 16 -C 24 n-alkanols and C 14 -C 17 odd-chain and methylbranched fatty acids), the free versus bound fractions of alcohols and acids also showed no significant differences in isotopic composition. n-Alkanols and n-alkanoic acids are generally depleted in D relative to n-alkanes of the same chain length by 30-50&. Isoprenoid compounds were strongly depleted in D relative to n-alkyl compounds.
n-Alkanes
Hydrocarbon fractions contained abundant, diverse compounds, but in general produced chromatograms with a large unresolved complex mixture (UCM) that was unsuitable for D/H analysis. D/H data for homologous nalkanes ranging from C 17 to C 37 were obtained from the urea adduct fraction, and are summarized for compounds >C 20 in Figs. 4 and 5. Data for n-C 17 and n-C 19 are qualitatively similar (see EA-1). Excluding n-C 35 , dD values ranged from À94 to À175& and exhibit several patterns. There is a general decrease in concentration with depth for all n-alkanes, ranging from roughly 50% to 80% decrease over the 2.5 m of core studied (Fig. 4 ). This decrease is accompanied by a gradual increase in dD values of 20-40&, although individual n-alkanes remain systematically offset from each other. Trends in concentration and dD value with carbon number are summarized in Fig. 5 . For alkanes <C 25 , all homologs have roughly equal concentrations and similar dD values (average À124& in SBB1). In contrast, n-alkanes longer than C 25 show a marked oddover-even predominance in concentration, and saw-tooth pattern of isotopic composition. Odd-chain compounds have average dD values of À163&, while even-chain compounds average À128&. Except for C 21 and C 35 , both stations (SBB1 and SBB2) have identical isotopic composi- tions for each homologous alkane, with the same odd-even variance. The range of dD values appears slightly increased for C 32 and C 34 n-alkanes. The C 35 n-alkane poses a dramatic exception to the patterns described above. Its abundance is consistent, or perhaps only slightly elevated, relative to the trend defined by C 29 -C 37 (Fig. 5) . However, its dD value is roughly 65& more depleted than other odd-chain alkanes in SBB1 and 25& more depleted in SBB-2 (Table 1) . The most plausible explanation would seem to be that an isoprenoid hydrocarbon such as lycopane is coeluting with n-C 35 . However, the n-alkane fraction was purified by urea adduction prior to isotopic analysis, in some cases twice, a procedure that should eliminate isoprenoids. Moreover, given a typical isotopic composition for linear isoprenoids of À400&, roughly a third of the n-C 35 peak would have to be isoprenoid in origin to lower the dD value of this compound from À160& to À225&. We observe no mass spectral evidence for such a coelution. Thus the origins of the strong isotopic depletion observed in n-C 35 remain uncertain.
n-Alkanols
A series of even carbon-numbered, saturated n-alkanols from C 16 to C 30 were isolated from free-and bound-lipid fractions. Changes in concentration and dD value with depth and with carbon number are summarized in Figs. 6 and 7. Within the free alcohol fraction, there is a normal distribution of compounds from C 16 to C 30 maximizing at C 26 . Concentrations of free n-alkanols are generally constant over the top $50 cm, and exhibit a local maximum at $150 cm depth (Fig. 6A) . As for the n-alkanes, there were no systematic differences in dD values between n-alkanols from SBB1 versus SBB2 (Table 1 and Fig. 7) . Values of dD vary somewhat among different compounds, decreasing with chain length from an average near À159& for C 18-22 down to À185& for C [28] [29] [30] .
In contrast to the free n-alkanols, concentrations of bound n-alkanols decline by almost 80% over the top 30 cm of core and show no subsurface maximum (Fig. 6C ). This fraction contains only C 16 -C 24 (even) n-alkanols, with two maxima in concentration at C 16 and C 20 (Fig. 7) . Values of dD also vary more widely in this fraction, both with depth and with carbon number. All of the bound n-alkanols exhibit a marked increase in dD values at 20 cm depth, coincident with a sharp increase in d 13 C of TOC (Fig. 2) that we believe marks a short pulse of terrestrial plant material. All of the bound n-alkanols covary in dD value over the top $50 cm of core, but then diverge below that. The n-C 16 alkanol becomes more D-depleted, reaching average dD values of À225& in the bottom of the core, while C 20 and C 22 become more D-enriched, reaching À122& at the bottom of the core.
Linear alkenols
Several unsaturated alcohols were isolated from both free-and bound-lipid fractions in sufficient purity for isotopic analyses (Table 2 ). These included a C 30 15-one-1-ol (identified by comparison of mass spectrum to de Leeuw et al., 1981, and Versteegh et al., 1997 ) and a C 30 diol that contains both the 1,15 ($80%) and 1,14 ($20%) isomers (Versteegh et al., 1997) . Three compounds from the free lipid fraction had moderately D-enriched isotopic compositions (À92 to À168&): C 30 keto-ol, C 30 diol, and a C 31 n-alkenol (one double bond). All of these compounds exhibit moderate downcore variability in concentration, but with only slight decreases with depth. There are no systematic changes in dD values with depth (see EA-1).
Two diunsaturated C 34 alkenol isomers were isolated from the free lipid fractions and have moderately D-depleted compositions averaging À203& (Table 2 ). In each sample, the earlier-eluting isomer is consistently enriched in D relative to the other by $25&. Concentrations decrease by $50% over the top $10 cm, with no accompanying change in dD values. Two isomers each of C 22 and C 24 monounsaturated alkenols were also isolated from the bound lipid fractions, and exhibit similar depth profiles of concentration and dD values to the C 34 alkadienols. The pattern of enrichment is also similar to that observed for C 34 alkadienols, but with the first-eluting isomer enriched by $40& relative to the second.
Short-chain fatty acids
Alkanoic acids ranging from C 14 to C 32 were isolated from free-and bound-lipid fractions from both stations. Those with chain lengths <C 21 , which presumably represent mainly membrane lipids from ubiquitous sources (Volkman et al., 1998) , are described first. Relevant structures included saturated n-acids with both odd and even chain lengths (including 14:0, 15:0, 16:0, 17:0, 18:0, and 20:0); methyl-branched acids with both iso-(i-14:0, i-15:0) and anteiso-(a-15:0) configurations; mono-and diunsaturated acids (16:1, 18:1, and 18:2); and polyunsaturated acids (20:5 and 22:6). For the unsaturated fatty acids, multiple positional isomers were observed in most samples. Because some are chromatographically resolved while others are not, we have grouped them as follows for dD analysis and discussion. The peak identified as 16:1(a) is dominantly one isomer, tentatively identified as cis-9-hexadecenoic acid by comparison to an authentic standard. In some samples the dD value reported for this peak may also contain other positional isomers, such as D-6. The 16:1(b) peak is also a monounsaturated C 16 acid, but elutes quite close to the 16:0 fatty acid. We tentatively identify it as the trans-9-hexadecenoic acid based on retention time, but this assignment is made without benefit of any authentic standard. This peak also frequently contained a second coeluting compound that gives strong MS ions at m/z 147 and 373, but could not be identified. The 18:2 fatty acid contains only one discernible isomer in most samples, but the double bond positions could not be positively identified. The 18:1 peak contains a coelution of two monounsaturated C 18 compounds, probably cis-11-octadecenoic acid and cis-9-octadecenoic acid based on comparison of mass spectra with the NIST library. These two isomers were resolved by GC/MS analyses but not for isotopic analyses.
Concentrations and dD values of these compounds are summarized in Figs. 8 and 9. All fatty acids were more abundant in the bound than in the free-lipid fraction, and were more abundant at station SBB1 than at SBB2 (Fig. 9) . Virtually all short-chain fatty acids exhibit a 60-80% drop in concentration over the top $10 cm of core ( Fig. 8A and C), consistent with expectations that these compounds are highly labile. Similar to the n-alkanols, some free fatty acids show a modest increase in concentration around 150-200 cm depth while the bound fatty acids do not. This increase at depth is not accompanied by any discernible isotopic changes.
Most short-chain fatty acids have remarkably constant dD values with depth. The patterns for 16:0 and 20:0 are plotted in Fig. 8B and D, and are representative of similar patterns for i-14:0, 14:0, 16:1(b), and 22:6 which are not plotted. Several notable exceptions to this pattern also exist. Values of dD for both i-15:0 and 18:2 in the bound-lipid fraction increase by roughly 100& over the top 50 cm (Fig. 8D) . Values for 18:1 increase by $80& from 30 to 50 cm depth, then decrease again by a similar amount from 70 to 100 cm depth. The pattern for 20:5 is essentially opposite, decreasing from 10 to 50 cm and then increasing from 50 to 100 cm. The most striking change is exhibited by 16:1(a) from the free-lipid fraction, with a dD value of À183& at 2 cm depth decreasing to À348& at 250 cm depth (Fig. 8B) .
Variations in dD values with molecular structure are summarized in Fig. 9 . With very few exceptions, fatty acids from free-and bound-lipid fractions had similar dD values, as did fatty acids from stations SBB1 and SBB2. The 16:1(a), 18:0, and 18:2 fatty acids are the main exceptions, with free lipids being slightly D-depleted relative to bound lipids in each case. Among compounds with little downcore variability, most dD values fall in the range of À100 to À200&.
Mid-and long-chain alkanoic acids
Values of dD for mid-and long-chain alkanoic acids exhibit considerably less variability than do the short-chain fatty acids. There were no systematic differences in dD values between free-and bound-lipid fractions, nor between stations SBB1 and SBB2, despite considerable differences in concentration (Fig. 10) . There are modest downcore variations in dD values of these compounds (see EA-1), which we believe are primarily related to past climatic changes and will be discussed elsewhere.
Long-chain alkanoic acids (C 27 -C 32 ) have dD values near À140& in both free and bound fractions from both stations. Even-numbered compounds are much more abundant than odd-numbered, consistent with origins in terrestrial plants, but all long-chain acids have similar dD values. Mid-chain acids (C 22 -C 26 ) are distinguished by particularly high dD values in both free and bound fractions (Fig. 10) , averaging À109& in SBB1 and À122& in SBB2. C 22 is the most D-enriched alkanoic acid on average, reaching À49& in one sample.
Linear isoprenoids
A series of linear isoprenoids, including phytol, phytanol, phytane, and an isoprenoid diol and triol, were separated from both free-and bound-lipid fractions with sufficient purity for D/H analyses. The latter two compounds are tentatively identified as phytyl-1,2-diol and phytyl-1,2,3-triol based on comparison to literature spectra . If that assignment is correct, then they likely represent oxidation products of phytol (Rontani and Volkman, 2003) . Given that they only appear in the bound-lipid fraction, it is possible that they result from the alkaline hydrolysis procedure used to produce that fraction. All compounds showed strong decreases in concentration over the top $30 cm, with roughly constant concentrations below that level (Fig. 11) .
No consistent down-core trends in dD values are apparent, though there are large differences among different molecular structures. Values of dD for most compounds ranged from À350 to À480&, making them the most strongly Ddepleted of all compound classes that were measured. Phytol averaged À401& in the free-lipid fraction, and À383& in the bound-lipid fraction of SBB1. Phytane was analyzed in one sample from SBB1 and found to have a dD value of À402&, similar to phytol. The C 20 diol (tentatively phytyl-1,2-diol) is moderately D-enriched relative to phytol with an average dD value of À364&, while the C 20 triol (tentatively phytyl-1,2,3-triol) is D-depleted. Values of dD for this latter compound averaged À439&, and reached a minimum of À469& in samples from SBB1. The sole sample from SBB2 in which the C 20 triol was analyzed yielded a dD value of À481&. No systematic differences in dD values were observed between sites SBB1 and SBB2 for any of the linear isoprenoid compounds.
Cyclic triterpenoids
A wide variety of sterenes, sterols, hopenes, and hopanols were isolated for D/H analysis. Depth distributions of concentration for these compounds varied dramatically. At one extreme, several sterols showed large decreases in concentration over the top $30 cm, including C 27 , C 27 D 5 , and C 28 D 5,22 (Fig. 12) . At the other extreme, many compounds showed essentially no change with depth, including all observed sterenes and hopenes, C 29 and C 29 D 22 sterols, and the C 32 hopanol. There is no systematic correlation between patterns of compound abundance and dD values.
The dD values of cyclic triterpenoids cover a range from À148 to À361&, although the vast majority of compounds fall in the comparatively narrow range of À220 to À320& (Fig. 13) . They are thus clearly distinct from both n-alkyl lipid products and from phytol and associated diterpenoids. There are generally not large changes in dD values with depth, although several sterols did exhibit small (20-30&) increases in dD with depth (Fig. 12) . Similar small downcore shifts are observed in stanols as well as stenols, but not in phytol (Fig. 11 ) or in hopanols (see EA-1). Both C 28 and C 29 stanols exhibit sharp, transient increases in dD at 60-70 cm depth. There are few significant differences in average dD values among compounds, between free versus bound fractions, or between sites SBB1 and SBB2 (Table 1, Fig. 13 ).
Four steroidal hydrocarbons were measured in cores from SBB1, including cholest-2-ene, cholesta-3,5-diene, a C 27 aromatic sterene, and a C 28 sterene (exact structures of the latter two compounds are unknown). All four compounds have dD values that are enriched in D by $40& relative to sterols (Table 1 ). There are no systematic changes in dD values of sterenes with depth.
Three regular hopanols (C 30 , C 31 , and C 32 ) were isolated and analyzed in cores from SBB1 and SBB2, together with a C 29 hopene and neohop-13(18)-ene. All compounds are significantly enriched in D relative to steroidal products, with dD values averaging À211& for hopanols and À182& for hopenes in SBB1 (Fig. 13 and Table 1 ). There are no significant trends in dD values of hopanoids with depth, nor are there systematic differences between SBB1 and SBB2. Moreover, both hopenes show a further systematic enrichment of D relative to hopanols of 20-30&.
DISCUSSION
The most striking aspect of the dataset presented here is the large range in dD values (À32 to À481&) exhibited by lipids, most of which likely derive from marine organisms. Though our current understanding of the processes leading to such variability is poor, these data suggest that hydrogen isotopes could provide a potentially rich source of information about biogeochemical processes once their origins can be understood. Isotopic variability among different compounds, sample depths, and locations can reflect several types of effects. For this study, the four potentially most significant ones are (1) variations in the biotic or geographic origins of compounds, (2) variability in isotopic fractionations among differing metabolic and/or biosynthetic pathways, (3) variability in similar pathways induced by changing growth conditions and/or substrates, and (4) gradual changes resulting from diagenesis. In the interest of space, our discussion here focuses primarily on evidence for these high-level effects, with the goal of understanding the most important biogeochemical parameters modulating isotopic composition. At the level of individual compounds, many more interesting patterns exist which remain to be studied in detail.
Typical dD values of marine lipids
The distribution of dD values for specific classes of lipids that derive from restricted sources (e.g., marine phytoplankton versus bacteria versus terrestrial plants) dif- fer in subtle but systematic ways (Fig. 14) , suggesting that the characteristic fractionations and/or hydrogen sources associated with these different organisms may also differ. As a starting point for this discussion, we first consider whether we can infer 'typical' dD values for marine eukaryotic lipids, and the level of variability associated with those products.
Short-to mid-chain n-alkanols are generally attributed to zooplankton. C 22 n-alkanols can be the most abundant product from the wax esters of copepods (Sargent et al., 1977) , and C 20 and C 24 n-alkanols are also abundant in those organisms. Pearson et al. (2001) have attributed mid-chain n-alkanols in the Santa Monica Basin (SMB) to primarily marine zooplankton sources based on 13 C and 14 C data. C 16 -C 24 alkanols from coretop sediments all had D 14 C values near that of modern surface water DIC, supporting their marine origins. While no data for SBB were provided in that report, the similarities and close geographic position of the two basins suggests that the same is likely true for SBB. The C 16 -C 24 n-alkanols reported here for SBB have a mean dD value of À170 ± 28& (n = 80, both free and bound fractions). The mean dD values for free (À158&) versus bound (À180&) n-alkanols are statistically distinct at the 2r level (see Table 1 ), and while the cause of this difference remains unknown it does suggest that they could have distinct sources. A similar offset between free and bound n-alkanols extracted from terrestrial plants has also been reported by Chikaraishi and Naraoka (2006) .
Several other linear alcohols, including mono-and diunsaturated n-alkenols, C 30 keto-ol, and C 30 -diol, also likely have marine sources. These compounds are presumably derived from marine phytoplankton, although very few of those sources can be specifically identified. C 30 -C 32 alcohols with one or two double bonds are common components of marine eustigmatophyte algae (Volkman et al., 1998) as are 1,15-diols (Volkman et al., 1992) . A C 34 alcohol with four double bonds has been reported from a diatom (Volkman et al., 1993) . Since these phytoplankton are also abundant in SBB, they may be the source of C 34 diunsaturated alcohols. As a class, the alkenols and diols have a mean dD value of À167 ± 36& (n = 110) that is virtually identical to that of n-alkanols, but with greater variability. The increased variability clearly arises from the fact that different compounds have differing mean dD values. For example, dD values for the C 30 1,15-diol average À113 ± 15& (n = 11), whereas those for the C 34 :2(b) alkenol average À214 ± 10& (n = 10). The smaller variance of dD values for specific alkenol structures relative to the more ubiquitous n-alkanols presumably reflects the more restricted biotic sources for the former group.
Short-chain fatty acids (<C 22 ) with even carbon numbers have multiple possible sources, including all eukaryotes and bacteria, both autotrophic and heterotrophic. However, in young, organic-rich marine sediments such as those studied here, they are generally inferred to derive mainly from marine phytoplankton simply because they are the most abundant source of organic matter. While a significant bacterial input cannot be dismissed (see Gong and Hollander, 1997), Jones et al. (2008) showed that the dD values of most fatty acids (including 14:0, 16:0, 16:1, 18:x, 20:5, and 22:6, but excluding 18:0) are identical between surface sediments and POM filtered from the surface ocean, supporting the suggestion that they derive mainly from marine plankton. The mean dD value of short-chain, even-numbered fatty acids in SBB1 sediments is À180 ± 36& (n = 155), with no significant difference between free and bound fractions. Palmitic acid (16:0), the most abundant fatty acid in many organisms, has a mean dD value of À174 ± 12& (n = 28). The much smaller variance in palmitic acid dD values suggests that much of the spread in dD values for all fatty acids is driven by systematic differences among compounds (see below), rather than random biologic variability. The dD values of short-chain fatty acids are statistically indistinguishable from those of marine n-alkanols discussed above. Taken together, the data for alkenols, mid-chain n-alkanols, and short-chain fatty acids suggest that typical dD values for n-alkyl lipids derived from marine planktonic sources are in the range À150 to À200&, with a mean near À175&. This range is largely consistent with previous studies of lipids from marine (van der Meer et al., 2007; Jones et al., 2008) and lacustrine sediments, as well as from cultured algae (Sessions et al., 1999; Englebrecht and Sachs, 2005; Schouten et al., 2006; Zhang and Sachs, 2007; Zhang et al., 2009 ). On the other hand, data from cultures and individual specimens have frequently produced dD values for n-alkyl lipids that are well outside this range (e.g., see Chikaraishi et al., 2004c; Zhang et al., 2009) , and indeed several alkenols that we measured are also statistically distinct. Our data suggest that a ±25& (1r) range is typical for compounds derived from many diverse sources. In contrast, much lower variance (as low as ±10& 1r) may be typical of compounds derived from very limited biotic sources.
Sterols are indisputable products of eukaryotes, and will reflect both phytoplankton and zooplankton sources (Volkman, 2005) . As a class, their average dD value was À276 ± 22& (n = 253) with no significant difference between free and bound fractions. While sterols with different patterns of alkylation are commonly attributed to different biotic sources (e.g., C 29 sterols are dominantly derived from plants, including phytoplankton, while C 27 sterols include a more important animal contribution in the form of cholesterol), we find no significant differences in dD values among sterols with different structures (see EA-1). For example, the mean dD values for C 27 -C 30 sterols (grouped by carbon number) are À278, À270, À274, and À279&, respectively. Cholesterol (C 27 D 5 ), one of the most ubiquitous products, exhibits a similar range of variability (dD = À274 ± 20&, n = 26) as do sterols as a whole. Our data for sterols are consistent with previous studies of marine sediments and cultured organisms (Sessions et al., 1999; Chikaraishi, 2006; Zhang et al., 2009) , although again showing a smaller range of variability than is typical for culture studies.
Phytol arises primarily as the esterifying alcohol in chlorophyll, and as such is generally considered to derive mainly from marine phytoplankton in organic-rich surface sediments (Rontani and Volkman, 2003) . Inputs from terrestrial plants are a second possible source. In SBB, phytol has a mean dD value of À390 ± 21& (n = 28), showing a similar variance as marine sterols and n-alkanols. This value is considerably more D-depleted than the few other reports of phytol from cultured organisms (Sessions et al., 1999; Zhang et al., 2009; Chikaraishi et al., 2009) or from lake sediments (Huang et al., 2004) , which are typically in the range of À280 to À360&. If other products with similar structures, such as phytanol, phytane, and C 20 isoprenoid diol and triol, are included in the analysis, the mean dD value increases only slightly to À383 ± 37& (n = 63), but with greatly increased variance. This suggests that these products do not all arise from common sources. Alternatively, there could be large fractionations during the diagenetic alteration of phytol to other products, for example during its oxidation to diol and triol degradation products. The fact that phytyl-1,2-diol is D-enriched relative to phytol, while phytyl-1,2,3-triol is D-depleted, would require multiple oxidation mechanisms with differing isotope effects, which is plausible (see Rontani and Volkman, 2003) .
Bacterial versus eukaryotic lipids
One of the most notable patterns that emerges from our data is that lipids of bacterial origin are commonly D-enriched relative to those of eukaryotic origin. This pattern is most clearly seen in membrane fatty acids and in cyclic triterpenoids (Fig. 14) , for which bacterial origins can be inferred from structure. For example, short-chain fatty acids with odd carbon-number or methyl branches are thought to derive from exclusively bacterial sources (Dalsgaard et al., 2003) . In their study of POM from SBB, Jones et al. (2008) reported that two bacterial fatty acids (i-15:0, 15:0) were systematically enriched in D relative to even-numbered fatty acids deriving from phytoplankton (e.g., 16:0, 18:0), while a third (17:0) was not. Our sediment data now extend those results, showing that the bacterial fatty acids i-14:0, i-15:0, and 15:0 are consistently D-enriched relative to even-numbered counterparts by up to 130& (Fig. 15) , while a-15:0 and 17:0 are not. There is considerable overlap in the dD values of these two groups (Fig. 14) , although this is artificially emphasized by a large number of analyses for the a-15:0 fatty acid. A similar pattern is observed in cyclic triterpenoids, where bacterial hopanols (mean dD of À211&) are D-enriched relative to eukaryotic sterols (mean of À276&) by $65&.
The pattern is, however, complicated by several lipids which exhibit significant decreases in dD values with depth. The 16:1(b) free fatty acid identified in Fig. 8b is the most obvious example, with dD values of À180& at the sediment surface and À350& at 2.5 m depth. The C 16 bound n-alkanol (Fig. 6d) and C 20 isoprenoid triol (Fig. 11) are further examples. Because the dD values of other compounds with similar structures do not change in the same way, the large D-depletions cannot easily be ascribed to degradation or diagenesis. They are most consistent with new, in situ production of these lipids by unknown organisms with unusually large fractionations. The sediments are anoxic, so these organisms must be anaerobic bacteria or archaea.
A particularly important pattern is that most of the bacterial lipids showing strong D-enrichments are present at the sediment surface, and so presumably reflect aerobic heterotrophic inputs, whereas those showing strong D-depletions generally arise at depth in the sediments where they may represent microbial production by organisms conducting fermentation, chemoautotrophy, or heterotrophic respiration using electron acceptors other than O 2 . For example, the strongest changes in the dD value of free 16:1(b) fatty acid arise at similar depths as active sulfate reduction. Blumenberg et al. (2004) have shown that both 16:1x5 and 16:1x7 are important fatty acids in the membranes of sulfate-reducing bacteria within syntrophic communities that mediate the anaerobic oxidation of methane (AOM). Thus the strongly D-depleted 16:1(b) fatty acid that we report here might tentatively be attributed to sulfate-reducing bacteria.
The pattern is unexpected because lipid/water fractionations have been generally assumed to arise in lipid biosynthetic pathways (e.g., Sessions et al., 1999; Chikaraishi et al., 2004a; Zhang and Sachs, 2007) , and those pathways are -at least for fatty acids -nearly identical in eukaryotes and bacteria (Marrakchi et al., 2002; Rock and Jackowski, 2002) . While significant differences in dD values for related lipids produced by the same organism have previously been observed (Chikaraishi et al., 2004c; Zhang and Sachs, 2007) , they generally arise from the downstream processing of fatty acids or other lipids and so there has been no reason to expect systematic D/H offsets between bacteria and eukaryotes. One possible explanation is that the divergent dD values reflect different metabolic lifestyles, including aerobic heterotrophy (D-enriched bacterial lipids), photoautotrophy (algal lipids of intermediate composition), and chemoautotrophy or fermentation (D-depleted bacterial lipids). Zhang et al. (in press) propose that such large differences in dD could relate to the fundamental metabolic pathways used to generate NADPH used in lipid biosynthesis, which is consistent with the patterns presented here for sedimentary lipids. If correct, the dD values of demonstrably marine lipids could be a valuable clue as to their biotic origins and/or the metabolism employed by those biota. But regardless of the mechanisms involved, it is difficult to reconcile these large variations in lipid dD values with a (presumed) nearly constant D/H fractionation in lipid biosynthesis.
If the patterns of D/H fractionation described above for lipids of certain bacterial origin are indeed indicative of those for all bacteria, then lipid dD values may also find utility in apportionment of sources for sedimentary organic matter in general. For example, the observation that dD values of even-numbered, short-chain fatty acids are similar to those of zooplankton-derived n-alkanols and phytoplankton-derived alkenols, but different from those of bacterial fatty acids, implies that the even-chain fatty acids are derived mainly from planktonic rather than bacterial sources. This conclusion is in contrast to that offered by Gong and Hollander (1997) for the nearby SMB, who argued based on d
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C values that many of the most common fatty acids were likely derived from bacteria rather than plankton. More generally, if the patterns observed for fatty acids and triterpenoids are applicable to all lipids, or even to all organic compounds, then dD values of bulk lipid extracts or bulk organic matter (e.g., Sauer et al., 2009 ) might be used to evaluate the overall bacterial contribution to sedimentary lipids or organic matter. Such analysis will of course require further ground-truthing, and will always be subject to ambiguity when terrestrial and/or petroleum sources cannot be excluded. However, for many openocean environments such an approach appears promising.
Patterns of intermolecular fractionation
We next consider whether our dataset provides evidence for systematic fractionations among lipids of differing structure that might arise as general features of their biosynthesis. Few of the lipids we measured can be attributed to distinct biotic sources, and indeed most presumably reflect mixtures from many sources. However, to the extent that random differences among specific organisms will tend to cancel, patterns that remain in mean dD values most likely reflect systematic differences that are due to biochemical and biosynthetic processes common to all organisms.
The clearest such comparison is between lipids with n-alkyl and isoprenoid carbon skeletons. While there is overlap in the distributions, isoprenoid lipids are D-depleted by an average of 125& relative to n-alkyl lipids in both SBB1 and SBB2 (Table 1 and Fig. 14) . This offset has been previously observed in studies of individual organisms (Chikaraishi et al., 2004a (Chikaraishi et al., , 2004b Chikaraishi and Naraoka, 2006; Sessions et al., 1999 Sessions et al., , 2002 Zhang and Sachs, 2007; Zhang et al., 2009 ) and of sediments (Sauer et al., 2001; Andersen et al., 2001; Huang et al., 2004) . Our more comprehensive dataset confirms that this offset is a widespread phenomenon, and includes marine organisms. The isotopic offset between n-alkyl and isoprenoid compounds is commonly inferred to arise from differing fractionations in the lipid biosynthetic pathways, although a clear mechanistic understanding of these fractionations is lacking. Given the ubiquity of D-depletion among isoprenoid lipids, a strong fractionation during the biosynthesis of the intermediate isopentenyl pyrophosphate (IPP) is a plausible explanation (Sessions et al., 1999; Zhang and Sachs, 2007) , but requires further confirmation.
The dD values of isoprenoid lipids as a class also exhibit a bimodal distribution (Fig. 14) . The two populations correspond to linear diterpenoids (phytol and related products) that are D-depleted, and cyclic triterpenoids (steroids and hopanoids) that are somewhat more D-enriched. Again, these differences have been noted in the lipids of individual organisms (Chikaraishi et al., 2004b; Huang et al., 2004; Sessions, 2006; Zhang and Sachs, 2007) , and we now propose that such offsets are ubiquitous. On the other hand, the dD values we report for phytol and associated products are considerably more negative than most previous reports from sediments and cultured organisms (e.g., Sessions et al., 1999; Huang et al., 2004; Chikaraishi et al., 2004a; Chikaraishi and Naraoka, 2005, 2006) . Chikaraishi et al. (2009) have shown that in germinating bean sprouts, the addition of strongly D-depleted hydrogen during hydrogenation of geranylgeranyl pyrophosphate to make phytol is the likely explanation. Our dataset is consistent with that explanation, although the more negative dD values that we measure would require a source of added hydrogen that is even more strongly D-depleted than they propose.
Sterols as a class show relatively little variability, consistent with their origins in a somewhat restricted group of biota (marine plankton), and with few systematic trends among varying structures. One of the few such patterns is that the C 27 D 5 stenol from the bound fractions are enriched in D by an average of $30& relative to the C 27 stanol. This pattern is reproduced in both free and bound fractions for C 29 sterols as well, but not in C 28 sterols. ) of marine origin, a pattern which they attribute to mixing of fluvial and marine sources. This pattern is similar to our data for C 29 D 5 but not for C 28 D 5 . While a mixture of terrestrial and marine sources is possible for SBB as well, an alternative is that the marine biotic sources of stenols and stanols differ in their isotopic fractionations, perhaps due to the desaturation reaction.
Patterns of intermolecular fractionation also exist within the short-chain fatty acids. Considering only fatty acids from the more abundant bound-lipid fraction, there is a systematic trend of increasing dD with chain length from C 14 to C 22 (Figs. 9 and 15 ). Unsaturated fatty acids are generally similar or slightly D-depleted relative to their saturated analogs of the same carbon number, but with greater variance. These patterns are similar in direction and magnitude to those observed for core-top sediments and surface POM at the same site (see Fig. 5 in Jones et al., 2008) , where they were attributed to systematic fractionations during lipid biosynthesis in phytoplankton. Chikaraishi et al. (2004c) have shown that similar patterns are produced by algal macrophytes, and suggest that they arise because of fractionations at the branchpoints in lipid biosynthesis between desaturation and elongation. This explanation appears consistent with our results, and seems likely to be a widespread characteristic of fatty acid biosynthesis.
Lipids from non-marine sources
In addition to potential biologic variability, SBB sediments combine lipids from marine, terrestrial, and petroleum sources. Next we examine whether these diverse sources contribute to the D/H variability of lipids in SBB sediments and, conversely, whether lipid dD values can be used to infer sources. For example, have recently used the dD values of sterols to apportion fluvial versus marine sources in an estuary environment from Japan.
Examples of probable terrestrial lipids from SBB include long-chain, odd-numbered n-alkanes and even-numbered nalcohols and n-acids, which derive from the leaf waxes of higher plants (Eglinton and Hamilton, 1967) . Their average dD values in core SBB1 are À163 ± 22&, À178 ± 12&, and À138 ± 18& (combining both free and bound fractions for alcohols and acids). The $25& offset between leaf wax n-alkanes and n-acids is very similar to those observed by Hou et al. (2007) , and slightly larger than that observed by Chikaraishi and Naraoka (2006) , for terrestrial plants. The $15& D-depletion of n-alkanols relative to n-alkanes falls midway between values reported for Acer argutum and A. carpinifolium (Chikaraishi and Naraoka, 2006 ; average 2&), for Cryptomerica japonica (Chikaraishi et al., 2004a; average 7&) , and for Daucus carota (Sessions et al., 1999; average 26&) .
The similarity of dD values for leafwax n-alkanes and nalkanols with those of marine n-alkyl lipids (Fig. 14) is somewhat surprising. Although precipitation in coastal southern California is more D-depleted than seawater, typically by 40 to 60& (Friedman et al., 1992) , this depletion is offset by significant evaporative D-enrichment in soils and plants. Thus in the coastal Topanga Canyon area, plant leafwax n-alkanes have a mean dD value of À129& (Feakins and Sessions, 2006) . However, similar compounds in SBB sediments are more D-depleted than this by $34&, a difference we attribute to input from higher elevations in the coastal mountains, which will have more D-depleted precipitation, and less evaporation, than Topanga Canyon. Regardless of the reason, SBB receives terrestrial leaf waxes -and presumably other lipids of terrestrial origin -whose dD values nearly match those of marine lipids. The small isotopic contrasts between them are of limited utility here. In many other geographic locations, the D/H contrast between terrestrial and marine lipids should be much larger and the possibility of clearly distinguishing terrestrial from marine inputs should be correspondingly greater.
The strong D-enrichment of mid-chain (C 22 -C 25 ) n-alkanoic acids in SBB is particularly interesting, given the uncertain source(s) of these compounds. Pearson et al. (2001) showed that the 14 C content of C 24 n-alkanoic acids in the SMB was indistinguishable from that of surface-water DIC. On this basis, they interpreted mid-chain acids in SMB as having a contemporary marine source. The abundance pattern they reported for C 22 -C 26 n-alkanoic acids in SMB is similar to that observed in SBB (this study), so we might infer that they derive from similar sources. However, in SBB these compounds are on average $50& more D-enriched than other marine n-alkyl lipids, and are more readily explained by a terrestrial source subject to strong evaporative enrichment. In fact, mid-chain alkanoic acids are reported to be highly abundant in many lacustrine algae and macrophytes (Ficken et al., 2000) and to reliably record lakewater D/H ratios (Hou et al., 2006) . This would suggest that terrestrial aquatic plants (represented by midchain n-acids) are D-enriched relative to land plants (represented by long-chain n-acids), presumably due to enhanced evaporation. This prediction has not yet been tested in southern California. Young radiocarbon ages measured for n-acids in SMB (Pearson et al., 2001 ) could be compatible with short residence times for aquatic organic matter in lakes and rivers. A second question is whether there are sufficient terrestrial aquatic sources (lakes and/or rivers) in this arid environment to supply the SBB with mid-chain n-alkanoic acids. While there are numerous large reservoirs in the watersheds of the Santa Clara and Ventura rivers, we are not aware of any quantitative assessments of riverine fluxes of these biomarkers into the SBB, so the question must for now remain unanswered.
Lipids from SBB that are likely derived from petroleum sources include the long-chain, even-numbered n-alkanes (Pearson and Eglinton, 2000) . Their average dD values (À128& in SBB1) are identical to those of n-alkanes <C 25 (À129& in SBB1), and so the latter are presumably also derived from petrogenic sources. This assignment is consistent with a significant UCM in hydrocarbon fractions from SBB, which is indicative of a biodegraded petroleum input Farwell et al., 2009 ). These n-alkanes have more D-enriched isotopic compositions than all terrestrial leafwaxes, and most lipids of marine origin, consistent with observations for marine-sourced oils and mature source rocks (Schimmelmann et al., 2004 (Schimmelmann et al., , 2006 . In addition, this petroleum source must contribute odd-numbered n-alkanes that bias the dD values inferred for leafwax components above. Given their relative abundances (even-chain alkanes are 10-20% of odd-chain alkanes) and similar dD values (mean values differ by 35& in SBB1), we can estimate the size of the bias to be only 3-7&.
Close similarities in both dD values and carbon-preference index (CPI; data not shown) between n-alkanes from SBB1 and SBB2 are somewhat surprising, as are the strong down-core variations in n-alkane concentration (Fig. 4) . If the source of fossil carbon was petroleum seeping up from below, there should be a nearly constant concentration of fossil n-alkanes with depth, a strong correlation between concentration and dD values, and marked variability between SBB1 and SBB2. None of these patterns is observed. Rather, we suggest that fossil n-alkanes are more likely being delivered from above, presumably adsorbed to sediments and thus well-mixed throughout the basin but varying in concentration over time. The origin of these hydrocarbons is probably the numerous oil and gas seeps that exist throughout the SBB, particularly near Coal Oil Point (Farwell et al., 2009) . Fluvial delivery of hydrocarbons from eroded sedimentary rocks could also play a role (Petsch et al., 2000) .
Preservation of primary isotopic signals
The comparison of lipid dD values among different compounds, different depths, and at different sites (SBB1 and SBB2) provides an opportunity to assess the effects of degradation and diagenesis on the H-isotopic composition of lipids. With very few exceptions, dD values for specific lipids are approximately constant with depth. This is true both for compounds whose absolute abundance decreases substantially, e.g. short-chain fatty acids, and for those which do not, e.g. n-alkanols. A notable exception to this pattern is the n-alkanes, whose dD values become slightly more D-enriched with depth while concentrations decrease. While we cannot rule out a fractionation accompanying degradation of n-alkanes, the pattern is more easily explained by the preferential degradation of terrestrial leaf-wax n-alkanes relative to fossil carbon sources. This phenomenon is potentially related to the inaccessibility of petroleum hydrocarbons associated with tar particles abundant in SBB sediments (Hill et al., 2006) . A similar mechanism has been invoked to explain the down-core trend in alkenone 14 C content for the SBB by Mollenhauer and Eglinton (2007) .
Comparing all lipids between sites SBB1 and SBB2, there is a mean difference in dD values of only 1& (Table  1 ). The only significant (>15& difference) exceptions to this pattern are the C 35 n-alkane (DdD = À38&), sterenes (+42&), and hopenes (+30&; positive values indicate SBB1 > SBB2). All of these exceptions likely reflect compounds with mixed sources whose proportions vary between the two sites, rather than true diagenetic differences. While we do not have complete depth profile data for SBB2, the patterns exhibited by the two measured depths are similar to those in SBB1. The dataset thus provides strong evidence that neither anaerobic (i.e., at SBB1) nor aerobic (at SBB2) degradation of lipids imparts a measurable change in their H-isotopic composition. By inference, the dD values of essentially all lipids in shallow marine sediments can be confidently interpreted as reflecting the dD values of their biotic sources.
This conclusion confirms and extends several previous results suggesting that recalcitrant leafwaxes retain their isotopic composition for thousands to millions of years (Yang and Huang, 2003; Sessions et al., 2004; Sachse et al., 2006) , and is consistent with the data of Jones et al. (2008) showing that the dD values of fatty acids from marine POM change little with depth. On the other hand, it is in marked contrast to the findings of Chikaraishi and Naraoka (2006) for tree leaves in a forest ecosystem. In comparing n-alkane, n-alkanol, and n-acid leaf waxes from live and dead leaves, leaf 'mold', and underlying soil, they observed an average D-depletion of 57& (range 33-71&) for the soil compounds relative to those from live leaves. This difference was attributed to fractionations accompanying degradation. But at the same time, no difference between leaf and soil was observed for anteiso-alkanes, phytol, or sterols.
While it is possible that degradation of lipids in a forest soil induces very different fractionations than those in a marine sediment, that is perhaps not the most parsimonious explanation. The addition of leaf-waxes from 13 C-enriched, D-depleted grasses to the soils studied by Chikaraishi and Naraoka (2006) would appear to be a more straightforward explanation.
CONCLUSIONS
We have conducted the first exhaustive survey of lipid dD values in marine sediments in order to explore H-isotopic variability in the marine realm. The results, which comprise some 1182 individual measurements from two separate locations in Santa Barbara Basin, demonstrate a remarkably wide range in isotopic compositions with several systematic patterns. Average dD values for lipids of probable marine origin are À170 ± 28& (short-chain n-alkanols), À167 ± 36& (alkenols and diols), À180 ± 36& (short-chain fatty acids), À276 ± 22& (sterols), and À390 ±21& (phytol). Compounds with more restricted biotic sources exhibit less isotopic variance than those compounds derived from widely varying sources, suggesting small systematic offsets exist between different organisms. Leaf waxes derived from terrestrial plant inputs have dD values that are only slightly D-enriched relative to their marine counterparts, averaging À163 ± 22&, À178 ± 12&, and À138 ± 18& (long-chain odd n-alkanes, even n-alkanols, and even n-alkanoic acids, respectively). Mid-chain n-alkanoic acids (C 22 -C 25 ) are even more D-enriched, averaging À107 ± 18&. Based on this enrichment, we suggest that they are likely derived from terrestrial rather than marine sources in SBB. n-Alkanes likely derived from petroleum or continental erosion were also D-enriched, averaging À128 ± 18&. While there is significant overlap among many of these distributions, lipid dD values should still prove useful in distinguishing, for example, lipids from marine, terrestrial, and petroleum sources.
One of the most striking patterns in our dataset is that lipids inferred to derive from bacteria, including branched or odd-chain fatty acids and hopanols, are generally D-enriched relative to similar eukaryotic products by 30& or more. At the same time, several lipids have dD values that decrease strongly with depth, presumably as a result of in situ production by anaerobic bacteria. We propose that these unusual dD values, which can range between À32 and À348&, reflect strong fractionations associated with particular metabolic capabilities of bacteria. If confirmed, these patterns may have great utility in the identification of products of heterotrophic and/or chemoautotrophic metabolism, and prove useful to investigate biological activity in subsurface environments or in ancient rocks.
Comparison of dD values for individual compounds with depth, and between sites with oxic versus suboxic bottom waters, shows no evidence for any substantial D/H fractionation associated with the degradation of lipids. Exceptions to this pattern plausibly result from mixing of inputs from 2 or more sources. In general, the dD values of lipids from shallow marine sediments can be confidently interpreted as reflecting the composition of their biotic sources.
